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ACUTE SHIFTS OF THE LIGHT-DARK (LD) cycle have been associated with enhanced tumor progression, impaired immune response, cardiovascular pathologies, and disrupted pregnancy in experimental animals (10, 22, 50, 51) . In humans, exposure to scheduled shifts in the LD cycle either acutely or chronically can have deleterious effects on health and well being, including elevated insulin and glucose values, increased mean arterial pressure, and risk for cardiovascular disease (20, 35, 48) . Most dramatically, repeated exposure to shifting LD cycles can lead to premature death in aged mice (16) . Davidson et al. observed that aged mice exposed to repeated advances in the onset of the LD cycle had an increased mortality rate compared with age-matched mice exposed to chronic delays in the LD cycle or control mice not exposed to LD shifts (16) . Evidence from this study and others (46) suggests that phase advance (earlier onset of light) is more detrimental than phase delay (later onset of light) and that phase advances require more than 4 days for locomotor behavior (in mice) to adjust to the new lighting schedule (45, 61) .
Shifts in the lighting schedule strongly influence the expression of daily rhythms in physiology and behavior, which are regulated by the circadian timing system (1, 41, 42) . The circadian timing system includes a master pacemaker located in the suprachiasmatic nucleus (SCN) of the hypothalamus that is endogenously rhythmic under constant conditions but is also sensitive to changes in environmental time cues, especially the LD cycle, and is capable of transmitting rhythmic output signals to many tissues and organs (19, 30, 44) . In addition to the SCN, virtually all cells in the body possess intrinsic circadian oscillators (collectively called peripheral oscillators), whose functions and mechanisms of regulation are just beginning to be understood (61, 63) . These peripheral oscillators respond to signals from the master pacemaker but have also been shown to respond to other environmental cues, such as time of feeding or time of physical activity, independent of the LD cycle (13, 18, 58) . At the core of the central and peripheral oscillators is the ubiquitous molecular clock mechanism that is based on a transcription-translational feedback system consisting of the circadian genes Brain and Muscle Arnt-like 1 (Bmal1), Circadian Locomotor Output Cycles Kaput (Clock), Period 1 and 2 (Per1 and Per2), and Cryptochrome 1 and 2 (Cry1 and Cry2) (3, 5, 8, 32) .
Following phase advances of the LD cycle, molecular clocks may require several days to adjust (61) . Studies have shown that the central molecular clock, located in the SCN, and peripheral clocks adjust to phase shifts of the LD cycle at different rates (14, 61) . Using a firefly luciferase reporter rat, Yamazaki et al. demonstrated that, after an acute 6-h phase advance, the rhythm of expression of a molecular clock gene (Per1) in the rat SCN adjusted rapidly (within 1 day) to the new LD cycle, wheras the Per1 expression rhythms in skeletal muscle, liver, and lung were not fully shifted until day 6 (61) . Age also affects the ability of the clocks to adjust to phase shifts; the central and peripheral clocks synchronize to the new LD cycle more quickly in young rats than in old ones (18) . It is thought that a primary function of circadian oscillators is to maintain synchronization between the environment and behavioral and physiological rhythms by allowing the organism to anticipate daily and seasonal environmental changes (42) . In contrast to gradual, seasonal changes in natural photoperiod, which have persisted throughout the ages, life in the modern era also includes frequent abrupt changes in photoperiod as a consequence of shift work and jet travel. Some evidence suggests that these abrupt changes may be deleterious, but the effect of fre-quent, repeated shifting of the LD cycle on physiological rhythms or on the molecular clock in peripheral tissues, such as skeletal muscle, has not been much explored (11, 31) .
The goal of this study was to investigate the effects of frequent, abrupt photoperiodic changes on physiological and behavioral rhythms and on the molecular rhythms in peripheral tissues as well as the SCN. The hypothesis was that chronic phase advance (CPA) caused by advancing the time of lights-on by 6 h every 4 days for 8 wk would produce disrupted wheel running rhythms and phase shifts in the rhythms of PER2 expression in the SCN as well as peripheral oscillators including two phenotypically different skeletal muscles and the lung. We also hypothesized that CPA would alter circadian rhythms in core body temperature (T b ), heart rate (HR), and locomotor activity, as well as physiological outcomes such as tissue mass, blood glucose levels, and muscle force production. SCN, skeletal muscles, and lung explants from Per2::Luciferase (Per2::Luc) mice (63) were used to measure real-time molecular clock expression in vitro. Transmitter telemetry units were implanted to measure rhythms in locomotor cage activity, body temperature, and HR. Additionally, blood glucose, body/tissue mass, muscle function, and wheel running characteristics were measured to determine whether CPA affects these physiological outcomes. We report that CPA for 8 wk alters locomotor wheel running behavior (free-running period), HR, and body temperature rhythms as well as the phase of Per2::Luc expression in the peripheral clocks, but without detectable changes in the physiological outcomes stated above.
MATERIALS AND METHODS

Animals.
Twelve male and female C57BL/6 and 26 male and female Per2::Luc mice on a C57BL/6 background (63) ϳ6 mo of age were housed individually in plastic cages measuring 30.5 ϫ 15.2 ϫ 12.7 cm. Bmal1 Ϫ/Ϫ mice were included in this study as a positive control for arrhythmic locomotor rhythms and attenuated muscle function. Due to the absence of a non-redundant clock gene, Bmal1 Ϫ/Ϫ mice (n ϭ 5) display a loss of locomotor rhythms under an LD cycle and in constant darkness (DD); these mice also have impaired muscle function (2, 8) . Male and female mice were equally distributed among the groups in this study. We did not observe any statistical differences between males and females in the circadian variables measured. All mice were housed singly in cages equipped with a running wheel and enclosed in a light-controlled box with constant air exchange and ad libitum access to mouse chow and water.
The lighting schedule was 12 h of light and 12 h of dark (12L:12D; lights on at 8AM EST) except as otherwise indicated. The light source was green LEDs that provided ϳ200 lux. At the conclusion of the study, mice were anesthetized with isoflurane followed by decapitation. All procedures, which complied with the guidelines of the American Association for Accreditation of Animal Care (AAALAC) were approved by the University of Kentucky Institutional Animal Care and Use Committee.
Transmitter implantation. Per2::Luc mice (n ϭ 5) were anesthetized using isoflurane, and transmitter units (PhysioTel ETA-F10, Data Sciences) were implanted surgically in the peritoneal cavity under aseptic conditions. The two electrocardiography (ECG) leads were secured near the apex of the heart and the right acromion. Subcutaneous injections of the analgesic carprofen (10 mg/kg) were administered at the end of surgery and every 12 h for the next 48 h. Mice were housed singly to allow recovery for 3 wk under a 12L:12D lighting schedule before beginning the CPA protocol (described below). ECG, body temperature, and locomotor data were collected and analyzed using Dataquest ART4.1 telemetry software (Data Sciences). Onset of physiological measurements from the transmitters was defined as 12 h of increased values preceded by 12 h of lower values and was measured using ClockLab (Actimetrics, Wilmette, IL). ClockLab determines onsets using an activity pattern template. Mean activity is subtracted from each data point over the day, and a template is created where activity below the 20th percentile is given a negative value and above is assigned a positive value. The point that has the highest matching (12 h of negative followed by 12 h of positive) is denoted as the onset. Since physiological data are not "on" or "off," we used 12-h onsets to find a pattern of lower and higher values because, during rest, there is still a signal. For activity data (described below), we used 6 h on/6 h off because locomotor activity patterns display clear rest and active patterns. Physiological measurements including body temperature (T b), HR, and locomotor activity were measured before CPA began and at the end of the study to compare longitudinal changes in physiological rhythms. To identify the relationship between the timing of the rhythms studied and the lighting cycle, the phase angle was determined as the difference between the onset of wheel running, locomotor cage activity, T b, and HR rhythms and the time of lights-off. The phase angles exhibited before CPA and during the last four shifts of the CPA protocol were determined for mice that were not released into DD. Changes in phase angle represent alterations in the adjustment or re-entrainment of a circadian rhythm.
CPA schedule without DD. After the 2-wk acclimation period, the transmitter-implanted mice (Per2::Luc) were either exposed to a 6-h advance in the times of lights-on and lights-off every 4 days for 8 wk (CPA, n ϭ 5) or exposed to the same 12L:12D schedule for 8 wk (control; n ϭ 5). On the day following the final phase shift, the mice were euthanized 10 h before lights-off (activity onset for nocturnal Values are means Ϯ SD. Chronic phase advance (CPA) did not alter basic characteristics or physiological outcomes. Bmal1Ϫ/Ϫ mice have significantly lower body and tissues mass as well as decreased activity compared with control. Muscle function in CPA mice measured as maximal force/cross-sectional area (CSA) in the extensor digitorum longus muscle was also similar to control, whereas Bmal1Ϫ/Ϫ mice produced significantly less force/CSA than control. Blood glucose levels were also similar between control and CPA. *Statistically different from control (P Ͻ 0.05; ANOVA, post hoc Tukey's test). animals). Physiological data (activity, HR, and Tb) were not included from control mice because two mice died following complications from surgery, and the transmitters from the remaining three mice malfunctioned such that data could not collected. However, the control mice (n ϭ 3) that exhibited wheel running rhythms and tissues from these mice were included in the bioluminescence studies.
CPA schedule with DD. Mice were acclimated as described above, then randomly assigned to either the control group (C57BL/6, n ϭ 6; Per2::Luc, n ϭ 8) or the CPA group (C57BL/6, n ϭ 6; Per2::Luc, n ϭ 8). The lighting schedule was the same as described above. After the final phase shift, the mice were released into DD for 2 wk. The timing of euthanasia and tissue collection for the mice in DD was determined from activity onset [defined by convention as circadian time 12 (CT12)] on the day before collection. Activity onset was determined for each mouse individually by visual inspection and defined by ClockLab analysis software as a period of 6 h of activity that was preceded by 6 h of inactivity. Further description of ClockLab analysis is provided above. All tissues (from DD mice) were collected under dim red light at CT2 (i.e., 10 h before activity onset). Before euthanasia, body weight for all of the mice was obtained.
Wheel activity monitoring. Voluntary wheel running was continuously recorded and monitored throughout the experiment using ClockLab hardware and software. Activity was evaluated using voluntary running wheel rotations plotted in 1-min bins. The free-running period (tau) during the 2 wk in DD was calculated using periodogram analysis.
Explant cultures. Explants were taken from the Per2::Luc reporter mice and placed in culture using methods reported previously (58, (61) (62) (63) . Briefly, the brain was removed and placed in chilled Hanks' , and CPA. Control mice (A) and BmalϪ/Ϫ mice (C) were exposed to 12-h light/12-h dark (12L:12D) for 8 wk and then to complete darkness (DD) for 2 wk. The CPA group (E) was placed on a phaseshifting schedule consisting of a 6-h advance in time of lights-on every 4 days for 6 wk (phase advance) then released into DD for 2 wk. Dark horizontal bars indicate time of lights-off for control and Bmal1 Ϫ/Ϫ for the entire study and the first 2 wk for the CPA group. Representative 2 periodograms generated with ClockLab are shown for control (B), Bmal1 Ϫ/Ϫ (D), and CPA (F), with significance level (␣ ϭ 0.05) represented by the gray line. The prominent peaks in B and F demonstrate the presence of circadian rhythms with the period lengths indicated. In D, the absence of a single prominent peak shows that the activity does not represent a circadian rhythm (G). The average free-running period (tau) is shown for all control and CPA mice. Values are means Ϯ SE (control, n ϭ 14; CPA, n ϭ 14; Bmal1 Ϫ/Ϫ , n ϭ 5). *Significant difference by Student's t-test between groups within day-group (P Ͻ 0.05). #Significant difference by Student's t-test between CPA 1-7 and CPA 8 -14 (P Ͻ 0.05).
balanced salt solution supplemented with 25 U/ml penicillin, 25 g/ml streptomycin (Invitrogen), 10 mM HEPES (Sigma), and 4 mM NaHCO 3 (Fisher Scientific). The brain was sectioned using a vibrating microtome (Vibratome series 1000 EM, Chestnut Hill, MA). The SCN was dissected and placed on a Millicell insert (Millipore) in a 35-mm tissue culture dish (Sigma) containing 1 ml of DMEM without phenol red (Invitrogen) supplemented with 4 mM NaHCO 3, 10 mM HEPES, 25 U/ml penicillin, 25 g/ml streptomycin, 3.5 g of D-glucose (Sigma), 2% B27 (Gibco), and 0.1 mM D-luciferin firefly, potassium salt (Biosynth). Soleus (oxidative slow-twitch muscle), flexor digitorum brevis (FDB; glycolytic fast-twitch muscle), and one other peripheral tissue (lung) were hand sliced in dissection media and cultured in the same culture media containing 5% FBS (Invitrogen). Tissue bioluminescence was measured using a LumiCycle (Actimetrics, Wilmette, IL) housed in a light-tight, water-jacketed incubator at 36.5°C. LumiCycle software was used to collect raw bioluminescence data in 1.2-min bins every 10 min that was stored on an attached computer. Similar to what others have published (39, 63) , the raw data were smoothed by 0.5-h adjacent averaging using LumiCycle analysis software. Baseline-subtracted data were then used to calculate phase of the bioluminescence rhythm, using ClockLab. The phase was measured as the time of the first peak of the PER2::LUC rhythm after 24 h in culture. The period length and phase of the rhythms of luciferase expression over 6 days in vitro were determined.
Physiological outcome measures. Blood glucose measurements were made with a Freestyle Flash glucometer (Abbott) in mid-light cycle (ZT6) following 8 wk of CPA before entering DD. Similar to what has been previously published (21), ZT 6 was chosen as the sample time because mice usually have lower locomotor and drinking activity during lights-on (34, 36) . Specific muscle force was measured as published previously (24, 28) . Briefly, extensor digitorum longus muscles (EDL) were excised and placed in Krebs-Ringer solution containing 137 mM NaCl, 5 mM KCl, 1 mM MgSO 4, 1 mM NaH2PO4, 24 mM NaHCO3, 2 mM CaCl2 equilibrated with 95% O2-5% CO2 (pH 7.4). The EDL was attached to a force transducer (BG Series 100 g, Kulite, Leonia, NJ), and electrical field stimulation (Grass S48, Quincy, MA) was applied. Maximal force measurements were recorded using an oscilloscope (546601B; Hewlett-Packard, Palo Alto, CA). Muscle length and weight were measured to determine cross-sectional area (CSA) so that force/CSA could be calculated.
Statistics. To determine the period length of the wheel running rhythm, 2 periodograms were calculated using ClockLab software. Physiological data (Table 1 ) from the CPA, control, and Bmal1 Ϫ/Ϫ groups were analyzed using ANOVA. Free-running periods that were calculated using ClockLab were analyzed using Student's t-test between groups within time grouping (Fig. 1G) . The phase of the bioluminescence rhythms were analyzed using two-way ANOVA with post hoc Bonferroni for soleus and lung, and Student's t-test was used for FDB and SCN. Phase angle data were analyzed using paired Student's t-test, pre-vs. post-CPA. For all tests and 2 periodogram analyses, the significance level was defined as ␣ ϭ 0.05.
RESULTS
Effect of CPA on basic physiological characteristics and outcomes. Table 1 provides a summary of body mass, tissue mass, blood glucose, muscle function, and wheel running characteristics for 6-mo-old control, CPA, and Bmal1 Ϫ/Ϫ mice. Mice exposed to CPA were similar to control mice of the same age for all variables measured. Bmal1 Ϫ/Ϫ mice were used as an established model of arrhythmic behavior to provide reference for the physiological and behavioral data in this study. Bmal1 Ϫ/Ϫ mice, 6 mo of age, had significantly lower body and tissue mass and ran minimally compared with control mice, as previously reported (2, 8) . Muscle function was not different in the CPA mice compared with controls; however, the EDL muscles of Bmal1 Ϫ/Ϫ mice displayed deficits in force production as previously reported (2) . The data in Table 1 demonstrate that 8 wk of CPA did not alter any general physiological outcomes, including body mass, tissue mass, blood glucose, muscle function, and running characteristics. Effects of CPA on the wheel-running rhythm. Figure 1 , A-F, contains representative wheel-running actograms and 2 periodograms for control, CPA, and Bmal1 Ϫ/Ϫ mice. Control mice maintained a running pattern in phase with the 12L:12D schedule, remaining active almost exclusively in the dark, as is expected for nocturnal rodents, and once released into darkness (DD) had an earlier onset of wheel-running activity each day and a free-running period (tau) Ͻ24 h (Fig. 1, A and B) consistent with the C57BL6 strain (49, 54) . In contrast to the control mice, the Bmal1 Ϫ/Ϫ mice ran for less time and shorter distances, and displayed scattered running behavior (Fig. 1C) , and although several peaks crossed the gray significance line, no high-amplitude signal or discernable rhythm under 12L:12D or DD conditions could be found (Fig. 1D ). All CPA mice showed robust wheel-running rhythms with a daily onset of activity at the time of lights-off on the day of phase advance under 12L:12D conditions (labeled "phase advance"; Fig. 1E ) and remained rhythmic in DD (labeled "DD"; Fig. 1 
, E and F).
CPA did affect the endogenous period length (tau) assessed during DD (Fig. 1G) Ϫ/Ϫ mice have no measurable behavioral rhythm, tau cannot be calculated.) The data presented in Fig. 1 provide evidence that the CPA imposed did not cause the mice to behave arrhythmically but did shorten tau under freerunning conditions, suggesting a change at the level of the molecular clock in the SCN.
Effect of CPA on HR and body temperature rhythms. T b and HR are physiological parameters that are largely regulated through central autonomic mechanisms and are well known to exhibit circadian oscillations (6, 27, 57) . This series of experiments used in vivo telemetry to monitor the effect of CPA on the pattern of T b and HR responses. We examined the data before CPA (pre-CPA, Before), following the first 6-h phase advance at the beginning (acute measurement) of the phase advancing protocol (Begin), and at the conclusion of CPA (post-CPA, End). In Fig. 2 , we measured phase angle, which was calculated on day 2 of the shift at the conclusion of CPA relative to the time of lights-off, for locomotor activity (wheel and cage), T b, and HR. As seen in Fig. 2 , all measures showed a delay of ϳ2 h on the day after the phase advance compared with preshift responses. It was interesting to note that these rhythms also showed other changes at this time, including a slowing, more gradual rising phase and, in the case of the body temperature rhythm, a faster, more abrupt falling phase. By days 3 and 4 post-CPA, the phase angles of the body temperature and HR rhythms were not different from pre-CPA (data not shown), suggesting that the rhythms had adjusted to the new LD cycle within 72 h. We also found that acute phase advance (Begin), determined after the first phase advance, produced a phase delay in the onset of T b and HR rhythms that was between the Before measurement, before phase advancing began, and the End measurement, which was measured at the end of CPA (see Fig. 3 ). These observations suggest that, in young adult mice, physiological rhythms were affected similarly after a single shift compared with chronic phase shifting. Mean HR or T b were not different between groups (data not shown).
Effects of CPA on molecular rhythms. Robust circadian oscillations of PER2::LUC bioluminescence were exhibited by all tissues for at least 5 days in culture, with the phases varying among the tissues and previous lighting conditions (Figs. 4 and 5) . SCN explants were cultured only from the DD group (control DD and CPA DD), whereas FDB cultures were only done immediately after CPA (control LD and CPA LD). For cultures prepared after 2 wk of DD, prior exposure to CPA advanced the phase of the PER2::LUC bioluminescence rhythm in lung by ϳ5 h but did not affect the phase of this rhythm exhibited by the soleus muscle or SCN. In the case of cultures prepared from peripheral tissues explanted from mice without prior DD exposure, CPA advanced the PER2::LUC bioluminescence rhythm in all tissues studied by as much as 16 h in soleus (oxidative slow twitch muscle used for stabilization) and FDB (glycolytic fast twitch used to flex the toes) muscles and by ϳ12.5 h in the lung. Additionally, the phase of PER2::LUC bioluminescence in CPA LD was significantly advanced compared with CPA DD in both soleus (ϳ12 h) and lung (ϳ8.5 h).
These data show that the phase changes to the peripheral molecular clock were more severe immediately after CPA and suggest that the molecular clock had been free running during DD and reached a phase approaching that occurring during the original 12L:12D conditions. All peripheral tissues advanced robustly after CPA and showed a similar progression toward original conditions following DD; however, the lung remained significantly shifted. Also, skeletal muscles with two distinct uses advanced to a similar extent in contrast to another peripheral tissue, the lung. This suggests that peripheral tissues may respond differently to the same cue or use additional signals to synchronize. In contrast to the phase changes, the period length (peak-topeak measurement) of PER2::LUC protein bioluminescence rhythms in the tissue explants (for all tissues) was not altered in either the LD or DD groups (Fig. 6) , suggesting that the behavioral rhythm does not necessarily predict what the molecular oscillators in the SCN and peripheral clocks are doing. Because the phase of the PER2::LUC rhythm in the peripheral tissues is significantly advanced even after DD (Figs. 4 and 5) , chronically advancing the LD cycle has persistent effects on the timing of the circadian clock in these tissues.
DISCUSSION
Because several studies have demonstrated that phase advancing the LD cycle can have a variety of negative consequences on health when combined with pathology (e.g., infec- :LUC bioluminescence rhythms in the soleus, FDB, and lung were significantly shifted following exposure to CPA alone (compare control LD and CPA LD). When mice were exposed to 2 wk in DD following CPA, only the molecular clock in the lung remained significantly shifted (compare control DD and CPA DD). The phase of PER2::LUC bioluminescence rhythm in the lung was significantly shifted from controls in both the CPA DD and CPA LD groups, and there was a significant difference between the CPA group that was in DD from that cultured immediately following CPA (CPA LD). There was no significant interaction between group (CPA or control) and lighting condition (LD or DD), except in the rhythm expressed by the soleus. In the soleus muscle, there was no significant difference between CPA DD and control DD; only the CPA LD group was significantly different from control LD; however, CPA LD was still significantly shifted from CPA DD. Values are means Ϯ SE (control DD, n ϭ 8; CPA DD, n ϭ 8; control LD, n ϭ 3; CPA LD, n ϭ 5). Not all tissues from each mouse could be used for analysis due to tissue culture survival. *Significant difference compared with control within lighting condition (P Ͻ 0.05). ϩSignificant difference between CPA DD and CPA LD (P Ͻ 0.05; Student's t-test for FDB and SCN, two-way ANOVA with post hoc Bonferroni for soleus and lung).
tion, carcinogenesis, and metabolic disorders) (10, 22, 23, 48, 52) and can decrease the lifespan in mice (16), we tested the effects of CPA alone in mice. We hypothesized that behavioral and molecular circadian rhythms would be unable to re-synchronize to phase shifts of 6 h every 4 days for 8 wk and that such an aggressive phase-advancing protocol would produce arrhythmic locomotor behavior, altered clock gene rhythms, and changes in physiological outcomes. Surprisingly, the results showed that young adult mice, 6 mo of age, were able to adjust to the rapid CPA changes in the LD cycle by continuously and rapidly shifting their behavioral rhythms. Mice exposed to CPA also showed robust circadian rhythms in HR and T b , and did not exhibit detectable impairments in body weight, tissue weight, circulating glucose levels, or muscle force. However, we found that the phase of the PER2::LUC bioluminescence rhythms of the peripheral tissues, i.e., soleus, FDB, and lung, were significantly phase shifted after CPA. It is well accepted that oscillations in both T b and HR coincide with the locomotor activity of a mammal, increasing during active wakeful hours and decreasing during rest (53, 55) . The phase angle relationship between the activity onset of nocturnal rodents and onset of darkness is very stable, such that when a wheel is present most mice begin running almost as soon as the lights go off. Consistent with previous studies, the phase angle of circadian rhythms to the ambient photoperiod was very small before CPA such that, within minutes of lights-off, T b and HR rose as the mice became active (4, 26) . During CPA, the phase angle of entrainment, for all measures, was delayed on day 2 of the shift relative to time of lights-off, but on days 3 and 4 there was no difference, demonstrating that Ͼ1 day was required for physiological and locomotor rhythms to "catch up" to the shifting LD cycle. Because the rhythms appeared to adjust within ϳ3 days after an abrupt advance of the LD cycle, it is not surprising that similar changes were seen after short-term as well as after chronic CPA.
Wheel-running behavior, like the other physiological measures, adjusted rapidly to the shifting LD cycle. However, once released into darkness, the period length of free-running rhythm was shorter in CPA mice than in control mice, suggesting that the endogenous central clock (SCN) that controls this rhythm was affected by CPA. Similar alterations of freerunning period have been observed in mice exposed to non-24-h LD cycles (so called "T cycles"). Wild-type mice exposed to shorter T cycles (21-22 h) display a free-running period that is shorter than that observed after exposure to a 24-h LD cycle (9, 40, 43) . In the present study with a 6-h phase advance of the LD cycle every 4 days, the mice experienced a compression of 4 days into 90 h (24 h/day ϫ 4 days Ϫ 6 h ϭ 90 h). Thus, on average, each "day" was ϳ22.5 h, resembling a short T cycle. This compression of days may have affected the endogenous period length that was observed. Alternatively, the shortened free-running period exhibited by the CPA mice might have been caused by lack of stable or complete adjustment after each shift. The presence of a running wheel may have potentiated the rate at which the mice were able to adjust to the 6-h shifts. There is evidence that when mice are given a running wheel and a shifted LD cycle together, the mice adjust more quickly to the new LD cycle (60) . In addition, scheduled access to a running wheel can produce phase shifts in the molecular clock, suggesting that circadian rhythms are sensitive to scheduled bouts of activity (58) . The current observations describe how physiological as well as behavioral rhythms change in response to chronic shifting of the LD cycle.
Others have shown that the SCN and peripheral oscillators respond differently to acute phase shifts of the LD cycle (56) . In previous studies, the SCN was able to adjust most rapidly, whereas the peripheral tissues took 3-6 days to fully shift following a single 6-h advance in the LD cycle (14, 18, 61) . In the present study, the phase of the molecular clock, as determined from PER2::LUC bioluminescence rhythms, of the peripheral tissues, i.e., soleus, FDB, and lung, was significantly altered after CPA. It is interesting to note that, although the PER2::LUC rhythm was significantly shifted in both skeletal muscle and lung tissue taken immediately after CPA, after 2 wk in DD, only the lung, although trending toward the same phase as control, was still significantly advanced, indicating perhaps that the molecular clock in the lung lagged behind the skeletal muscle clock and had not yet recovered from the chronically shifting LD cycle. There is also evidence that peripheral oscillators and the SCN respond differently to nonphotic cues presented in the presence of a normal LD cycle. For example, restricting the time of food presentation shifts the phase of the molecular clock in the liver, lung, and other tissues (13, 15, 17) , whereas the SCN remains synchronized with light (29, 37) . Also, exercise scheduled at specific times of the day phase shifts the skeletal muscle and lung clocks (58) . We demonstrated that with restricted feeding (RF) the molecular clock in the lung phase shifted by ϳ12 h, whereas the skeletal muscle only shifted by ϳ3 h (58). Scheduled activity had a similar effect on the lung and skeletal muscle clocks, ϳ2-to 3-h phase shifts (58) . These data suggest that the lung is more sensitive to time of food presentation, whereas the skeletal muscle clock responds similarly to either RF or scheduled exercise. This difference, as well as the present finding of different rates of adjustment to CPA, provides additional evidence suggesting that multiple mechanisms and cues mediate the temporal adjustment of the oscillators in these tissues.
There is some evidence that various peripheral tissues may be synchronized to the LD cycle via different physiological pathways. Guo et al. reported that the molecular clocks in some peripheral tissues can be synchronized by circulating factors (or behavior), whereas others cannot (25) . Using a parabiosis technique, SCN-lesioned mice, with arrhythmic behavior and altered circadian clock gene expression, were surgically joined to SCN-intact mice. Expression of core clock genes in the liver and kidneys exhibited time of day variations (suggesting rhythms) similar to control mice, whereas clock gene expression in the heart, spleen, and skeletal muscle did not show time of day variations (25) . This finding suggests that peripheral clocks in various tissues are synchronized by the SCN using different pathways, humoral, neural, behavior, or possibly others. Another study demonstrated that body temperature rhythms constitute a potent entraining signal for the pituitary and lungs (7) . Whether temperature rhythms can also entrain circadian oscillations in skeletal muscle has not yet been tested. The findings that the PER2::LUC rhythms in the lung and soleus muscle adjusted to CPA at different rates suggest that different entraining mechanisms may be employed by these two tissues. In addition to the variation reported between tissue-specific oscillators, the pathways whereby physiological rhythms, which employ multiple cell types and organs, are synchronized by environmental cues and groups of cells within a single tissue could be quite different. At the conclusion of CPA in the present study, physiological rhythms, HR, T b , and locomotor activity all showed a delay on day 2 of the phase shift while molecular rhythms advanced. Studies have shown that, with acute phase advances, circadian rhythms in T b advance relatively quickly to the new LD cycle (38, 47) , and they advance more rapidly with exercise (59). After 8 wk of chronic phase shifting, we observed a delay, suggesting that physiological rhythms and molecular rhythms may be uncoupled or that, after such an aggressive phase advancing protocol, the resetting signals or sensitivity to them may have changed.
In summary, this is the first study to assess behavior and physiological rhythms, physiological end points, and molecular oscillators within the same cohort of mice, during and after exposure to CPAs of the LD cycle. No detrimental effects of 8 wk of CPA were observed in this study of young adult mice, consistent with a previous report that chronic exposure (8 wk) to shifting LD cycles profoundly decreases survival in aged (27-to 31-mo-old) but not younger (8-to 12-mo-old) mice (16) . Although the CPA mice in this study did not exhibit illness or functional impairments, they did show alterations in molecular oscillations and desynchrony of rhythms among tissues, including skeletal muscle, which has not been studied before. In the present study, CPA had the most profound effect on the lung. Recently, it was demonstrated that repeated phase shifts promoted cancer growth in the lung (33) . Since persistent circadian misalignment is associated with pathology and increased risk for disease in rodents and humans (12, 22, 23, 48, 50) , it is interesting to speculate that CPA, which occurs during chronic shift work or extensive travel across time zones, may be a risk factor for respiratory disorders or lung cancer. Because the data presented here demonstrate that CPA disrupts the synchrony of peripheral clocks, further work should be done to understand this fundamental connection between chronic exposure to shifting LD cycles and molecular clocks in both peripheral and central tissues to counteract potential consequences of CPA on human health and well-being.
